This study is to compare the knee kinematic measurements between the novel portable skin marker-based motion analysis system (Opti-Knee®) and a conventional system (Vicon®). Nineteen subjects were recruited and asked to perform stair descent with lower limb placed with skin markers. Knee kinematic data was computed from the trajectories of the skin markers. Pearson's correlation coefficient and Root-mean-square deviation (RMSD) were used to analyse the data. For the waveform, sagittal plane rotation is strongly positive correlated between systems, while for axial and coronal plane rotation, it was moderately to strongly positive correlated in both normal (ACLN) and ACL-deficient (ACLD) group. Substantial difference between two groups was found in correlation of abduction/adduction in both stance and swing phase, as well as in external/internal rotation in all selected regions of interest. Moreover, the RMSD was larger in ACLN than in ACLD in three planes of rotation. The capability of Opti-Knee® in tracking lower limb sagittal plane rotation was comparable to Vicon®. However, for coronal and axial plane rotation, although the correlation to Vicon® in kinematic waveforms was moderately high, their ROM and peak values substantially deviated from the values in Vicon®.
INTRODUCTION
Three-dimensional motion analysis systems for functional knee stability assessment Skin marker-based three-dimensional (3D) motion analysis systems have been widely used to investigate knee joint kinematic changes following different injuries. Particularly in anterior cruciate ligament (ACL) injury, the change of kinematics of running, stair negotiation, other daily activities and exercise are of concern after ACL reconstruction (ACLR) (Salem, et al. 2003; von Porat, et al. 2006; Waite, et al. 2005; Webster and Feller. 2011) . However, space occupying and time required and expertise to interpret the data are the main drawbacks that render the conventional systems difficult to be implemented in the clinical setting. Currently, there are no well-accepted use of quantitative data regarding the functional tests in the rehabilitation progress after ACLR.
A portable motion analysis system (Opti-Knee®, Shanghai Innomotion Inc., China), which was originally designed specifically for tibiofemoral kinematic analysis, has been developed recently. It is a compact motion capture system, which includes a portable workstation consisting of an integrated 2-head stereo-infrared camera which sampled at 60Hz and a high-speed camera. The accuracy of the optical tracking system was 0.3mm RMS as reported by the original equipment manufacturer (Northern Digital Inc., Ontario, Canada). The system consists of a marker cluster set of 8 retroreflective markers.
Recently, we have conducted a systematic review regarding the motion tasks that can assess dynamic stability after ACL reconstruction, which showed that simple and uniplanar movement like stair descent or single leg hop can be one of the available options . This indicated that a sophisticated motion system might not be required in clinical setting but a simplified one, as long as its capability can cater for the detection of uniplanar movements. In this study, stair descent was chosen to be the motion task as it is less challenging for the subjects who have ACL injury.
Before further application of the portable motion system, it is necessary to understand the capability of the novel motion analysis system. Thereby, this study is to compare the portable motion system with a conventional motion analysis system. In this study, we also included ACL injured patients because change in kinematic following ACL injury was evidential (von Porat, et al. 2006; Waite, et al. 2005) : increased or decreased range-of-motion (ROM) . We hypothesized that there were no significant differences on the kinematics data between Opti-Knee® and Vicon®, which serves as a conventional standard.
MATERIALS AND METHODS

Study design
Interference of infra-red signals between systems was found when two systems were simultaneously emitting infra-red signals and receiving reflected signals from retroreflective markers. To solve this technical difficulty, we decided to use the infra-red cameras from Vicon® only to collect movement trajectories of markers on the subjects. Before that, we conducted a brief comparison of the capturing accuracy between two systems using a digital caliper. With three cameras in Vicon® system were disabled, simultaneous signal emitting and receiving of two systems were barely possible without massive interference during the comparison experiment. The remaining part of the study was to compare of the knee kinematic data measured between the two systems. The detectable difference between two systems was mainly contributed to the difference in skin-based markers used and the algorithms between two systems.
Part 1: The capability of detecting the retroreflective markers' positions using the two systems A brief comparison study between the motion capturing volume of two motion systems was conducted using a digital caliper (accuracy close to 0.01mm) as the gold standard. The accuracy of capturing systems of Vicon® and Opti-Knee® was compared using the electronic caliper (Digimatic caliper, Mitutoyo, Japan) as the gold standard.
Experimental procedure
Two retroreflective markers were placed on the caliper: one at the fixed outside measuring step; another at the slider. The caliper was fixed on a flat platform. Translations were performed by moving the slider with the marker attached. Four planes of translations were randomly selected and 5 translations (6 spatial positions of the marker) were made per plane. The Trajectories of the marker on the slider of the caliper were captured simultaneously by both Vicon® and Opti-Knee®. In the process, only 12 out of 15 Vicon cameras were operating to avoid interference. The sampling frequency of Vicon® was adjusted to 60 Hz (same as OptiKnee®). And, the readings from the electronic caliper were recorded. Background noise was greatly reduced when only two retroreflective markers were used.
Data analysis
Marker movement trajectories were extracted and relative distances between two retroreflective markers were calculated based on the spatial positions. Dependent t-test was used to compute the difference between (A) the readings from the calipers and the measurements from Vicon® and (B) the readings from the caliper and the measurements from Opti-Knee®. Statistical significance level is reached when p-value is smaller than 0.05. The mean errors from the gold standard were 0.055 ± 0.053mm (Vicon®) and 0.040 ± 0.057mm (Opti-Knee®). Paired t-test showed no significant difference (p=0.233) between Vicon® and Opti-Knee® of their deviation of calculated translations from the measured values of the electronic caliper.
Without significant difference in detection of spatial positions of markers, in order to optimize the experimental procedures and reduce the time cost of data collection, the marker movement trajectories were captured only by the cameras of Vicon® system in the remaining body of the study. And the data were processed in Vicon® Nexus 1.7.1 and Opti-Knee® separately. Movement trajectories were recorded using a Vicon® (MX-T40) motion capture system (Vicon®, Oxford, UK), sampled at 200 Hz. The knee kinematic data was computed by 2 sets of marker sets from 2 systems: the lower extremity version of plug-in-gait (Vicon®) and the OptiKnee® (Figure 1 ).
Part 2:To compare the difference in knee kinematic measurements between Opti-Knee® and Vicon® Subject recruitment
Nineteen subjects were recruited from the community (14 males, 5 females, age 27.0 ± 4.7 years; body height 170.7 ± 9.2cm; body weight 64.5 ± 9.8 kg). Nine of them were confirmed of ACL rupture by magnetic resonance imaging (6 males, 3 females, age 27 ± 5.6 years; body height 172.7 ± 9.3cm; body weight 67.4 ± 12.7 kg). All of the subjects have signed and kept an informed consent form. The study protocol was approved by The Joint Chinese University of Hong Kong -New Territories East Cluster Clinical Research Ethics Committee. All experimental procedures were performed in accordance with the approved procedures.
Experimental procedure
Retroreflective skin marker set of Vicon®: a hybrid protocol consisting plug-in-gait (lower extremity) and the skin marker cluster of Opti-Knee® were placed on the lateral thigh and shank of the tested leg of the subject (Figure 1 ). The test leg was the dominant side of non-injured subjects, and the injured side of injured subjects. Before data collection, for the sake of subsequent trajectory calculations in Opti-Knee® system, calibration VOLUME 13 | ISSUE 4 | 2018 | 835 should be performed with the use of a probe to locate anatomical landmarks and three randomly selected points at the ground level to generate lower limb joint coordinate systems and neutral joint positions. In the calibration process, the subject was asked to stand in a neutral position in which the foot was 10 cm apart and the arms were crossed at the chest to avoid blocking the infrared signals. All kinematic meanings were defined relatively to this neutral starting position but not anatomical bony landmarks. Figure 1 . A hybrid protocol consisting plug-in-gait (lower extremity) and the skin marker cluster of Opti-Knee® was placed on the lower extremity of subjects. Two skin markers of Opti-Knee®'s protocol were chosen to be the sharing points of two marker cluster sets as indicated by asterisks.
In the part of the motion task, subjects would perform stair descent on a staircase which consists of two steps with each step of 20 cm height, with arms crossed at chest to avoid blocking signals, and in a pace of 80 steps per minute guided by a metronome, which is set to simulate the stair descent rhythm in real life. Subjects would stand on the top step of the staircase, and follow the command from the instructor to begin stair descending with the tested leg in a step-over-step manner. No unnecessary contact between the foot and the stair platform during any swing phase or hesitation was considered a successful trial. Five successful trials were collected. The movement trajectories were captured by the cameras of Vicon® system.
Data analysis and statistical treatment
The tibiofemoral kinematics of the tested leg were extracted for analysis. Extracted kinematics were then normalized into 100 data points in each trial of a subject (Figure 2 ). Three tibiofemoral degrees of freedom (DOF) were included: axial rotation (external and internal rotation), sagittal rotation (flexion and extension) and coronal rotation (abduction and adduction). Difference in ROM and in peak value of three DOF between Vicon® and Opti-Knee® (calculated values of Opti-Knee® minus calculated values of Vicon®) were calculated from the mean value of the five trials. They were also expressed in percentage over full ROM which were taken from calculations of Vicon® as shown below. All joint rotations were expressed in degree (°). − ( ) % For the comparison of the kinematic waveform, Pearson's correlation coefficient (r) was used to analyse the similarity. The significance level of correlation coefficient was obtained by computing the p-value. Root-meansquare deviation (RMSD) was to compare the deviation of movement trajectories (Thies, et al. 2007) . Statistical significance level is reached when p-value is smaller than 0.05. Different regions of interest were taken to do correlation separately: (A) a whole gait cycle (includes a stance phase and a swing phase); (B) stance phase in the gait cycle; and (C) swing phase in the gait cycle. 
RESULTS
Difference in full range-of-motion
In group ACLN, the mean difference in flexion/extension was 1.79° ± 6.22° (in percentage of full ROM: 1.69% ± 6.47%). Mean difference in Abduction/adduction was 10.09° ± 13.01° (in percentage of full ROM: 29.89% ± 37.18%). Mean difference in External/internal rotation was 16.51° ± 11.11° (in percentage of full ROM: 123.48% ± 96.81%) ( Table 1) .
In group ACLD, the mean difference in flexion/extension was 3.74° ± 4.14° (in percentage of full ROM: 4.33% ± 4.57%). Mean difference in Abduction/adduction was 5.63° ± 9.44° (in percentage of full ROM: 11.19% ± 57.54%). Mean difference in External/internal rotation was 10.09° ± 10.65° (in percentage of full ROM: 62.35% ± 71.48%) ( Table 1) . 
Difference in peak values
In group ACLN, the mean difference in flexion was -1.34° ± 5.92° (in percentage of full ROM: 1.22% ± 6.20%). For extension, it was 0.45° ± 1.04° (in percentage of full ROM: 0.47% ± 1.09%). In Abduction and adduction, it was 14.73° ± 13.17° (in percentage of full ROM: 46.96% ± 37.12%) and 4.64° ± 4.24° (in percentage of full ROM: 17.08% ± 17.30%) respectively. For axial rotation, it was 13.30° ± 11.77° (in percentage of full ROM: 100.54% ± 99.13%) in internal rotation; and -3.20° ± 3.08° (in percentage of full ROM: -22.94% ± 20.79%) ( Table 1) .
In group ACLD, the mean difference in flexion was -3.50° ± 4.20° (in percentage of full ROM: 4.07% ± 4.64%). For extension, it was -0.24° ± 0.37° (in percentage of full ROM: -0.27% ± 0.42%). In Abduction and adduction, it was 5.56° ± 11.88° (in percentage of full ROM: 12.49% ± 63.95%) and -0.07° ± 6.82° (in percentage of full ROM: 1.30% ± 24.33%) respectively. For axial rotation, it was 5.11° ± 12.59° (in percentage of full ROM: 34.72% ± 71.45%) in internal rotation; and -4.99° ± 4.05° (in percentage of full ROM: -27.63% ± 21.11%) ( Table 1) .
Correlations of kinematic waveforms
Pearson's correlation coefficient and RMSD were used to analyse the kinematic waveforms from two systems (Table 2a & 2b) . For one gait cycle of the tested leg, the correlation of flexion/extension was strongly positive (ACLN: r=0.984, p <.001; ACLD: r=0.994, p<0.001); and it was moderately positive in abduction/adduction (ACLN: r=0.506, p <.001; ACLD: r=0.487, p<0.001) and in external/internal rotation (ACLN: r=0.466, p <.001; ACLD: r=0.651, p<0.001).
RMSD was used to measure the deviation of kinematics. It was 6.29° and 4.92° in flexion/extension; 17.28° and 11.65° in abduction/adduction; 11.54° and 9.07° in external/internal rotation for ACLN and ACLD respectively.
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When the stance phase and swing stance in the gait cycle were isolated to do correlation, for the stance phase, the correlation of flexion/extension was strongly positive (ACLN: r=0.979, p <.001; ACLD: r=0.992, p<0.001); and it was moderately positive in abduction/adduction (ACLN: r=0.509, p <.001; ACLD: r=0.382, p<0.001) and in external/internal rotation (ACLN: r=0.549, p =0.900; ACLD: r=0.654, p<0.001). RMSD was used to measure the deviation of kinematics. It was 6.33° and 4.91° in flexion/extension; 15.82° and 10.89 ° in abduction/adduction; 9.08° and 7.98° in external/internal rotation for ACLN and ACLD respectively.
For the swing phase, the correlation of flexion/extension was strongly positive (ACLN: r=0.975, p <.001; ACLD: r=0.991, p <.001); and it was moderately positive in abduction/adduction (ACLN: r=0.326, p <.001; ACLD: r=0.584, p <.001) and in external/internal rotation (ACLN: r=0.365, p <.001; ACLD: r=0.602, p <.001). RMSD was used to measure the deviation of kinematics. It was 6.22° and 4.93° in flexion/extension; 19.48° and 12.91° in abduction/adduction; 14.75° and 10.75° in external/internal rotation for ACLN and ACLD respectively.
DISCUSSION
This study aimed to compare the novel portable motion system to the conventional one. The capability of Opti-Knee® in tracking tibiofemoral sagittal plane rotation was comparable to Vicon®, with small difference in ROM and peak values and positive Pearson's correlation. However, for coronal and axial plane rotation, their ROM and peak values substantially deviated from the values of Vicon®. And, the difference in axial plane rotation was generally high when the error percentage in ROM was considered.
Between group ACLN and ACLD, we found substantial difference in correlation in abduction/adduction in both stance and swing phase (Table 2a) , as well as in external/internal rotation in all selected regions of interest. Moreover, the RMSD was larger in ACLN than in ACLD in three planes of rotation.
Vicon® was chosen as a model to compare because of its prevailing use in the field of biomechanics.
Recently, different kinds of commercialized 3D motion analysis systems have been introduced and investigated the accuracy and capability to capture joint kinetics and kinematics in different motion tasks. There were studies comparing their capacity with the conventional motion analysis systems like Vicon® using Plug-in-gait model marker set and other marker protocols (Carse, et al. 2013; Pfister, et al. 2014) . Clinically, recent studies have investigated different gait and specific motion pattern through the use of the portable system Yeung, et al. 2016; Zhang, et al. 2015; Zhang, et al. 2016 ). As the current study reported differences between two systems, the findings from the above-mentioned studies may not be reproducible through the use of Vicon® system.
Obstacles to the application of motion analysis systems in clinical settings are its size and accuracy, which has been a heated topic in the field. A system that is small and portable with satisfactory accuracy will favour the use of kinematic analysis. However, there are some intrinsic deficits of the novel system which has been developed for tracking kinematic change following ACL injury. Firstly, the camera number limited the kinematic data collection to one-leg in each trial. The testing time will be doubled for a gait analysis of both legs. Secondly, similar to the standard gait analysis protocol, the neutral position was defined as the normal standing position of the subject. It may affect the sagittal plane rotation definition as evidence showed us patients with ACL injury may experience knee extension loss (Muneta, et al. 1996) . Thirdly, the novel system does not include the hip joint kinematics which may not provide a comprehensive view of kinematic changes of lower extremity following ACL injury (Torry, et al. 2004 ).
To clarify, this study was only to compare a novel model of 3D motion system to a conventional one, but it should not be considered a validation study. In fact, the model plug-in-gait used in this study had been criticised for the relatively small number of markers that were placed on the lower extremity, while the novel system had eight markers on the thigh and shank. A validation study of plug-in-gait model and Vicon® using a dynamic stereo-radiographic system showed that substantial errors of the plug-in-gait model in tibiofemoral kinematics were found in different motion tasks (Li, et al. 2012) , which can be greater than the difference between the injured group and the control group in stair ascent. The intrinsic error may lead to misinterpretation of results.
In short, this study indicated that kinematic data from the novel system and the conventional system were not totally consistent. Opposite trend was observed frequently in axial and coronal plane rotations. However, due to the intrinsic deficit of the conventional system, the absolute accuracy of the novel system is inconclusive. Therefore, validation of the novel motion analysis system using dynamic stereo-radiographic system is needed in the future.
Though comprehensive knowledge regarding the kinematics and dynamic stability of knee joint following ACLR is yet to establish, Tashman et al. found that there is abnormal knee axial plane rotation under dynamic loading using a stereo-radiographic system with a high frame rate (Tashman, et al. 2004; Tashman, et al. 2007 ). All evidence urges the objective assessment on the rotational stability. Effort should be made to increase the accuracy of 3D motion systems especially in axial plane rotation.
CONCLUSIONS
In conclusion, the portable motion analysis system (Opti-Knee®) is a satisfactory substitute for the conventional lab-based motion analysis system (Vicon®) in terms of kinematics regarding sagittal plane rotation. The portable system has the advantage of enabling clinicians to perform knee kinematics assessment in clinical setting outside the gait laboratory. Future technical advancement is needed to reduce the difference in the knee frontal and transverse plane kinematics between two systems.
